Purpose: Phase analysis was recently developed to allow left ventricular(LV)mechanical dyssynchrony to be assessed by gated single-photon emission computed tomography(SPECT) . However, few studies have analyzed LV dyssynchrony during pharmacological stress and at rest by applying phase analysis to detect multivessel coronary artery disease(CAD)using the SyncTool TM .
Introduction
T he development of electrocardiogram-gated singlephoton emission computed tomography ( SPECT ) has facilitated the assessment of left ventricular (LV) function not only at rest, but also after stress which has, in turn, enabled the superior detection of coronary artery disease( CAD ) , particularly that involving multivessel pathology( 1-4 ) . A novel technique was recently developed to evaluate LV mechanical dyssynchrony using phase analysis of gated SPECT( 5, 6 ) .
Previous studies applied this method and reported the diagnostic and prognostic values of LV mechanical dyssynchrony in patients with heart failure (7) (8) (9) .
Other studies attempted to analyze LV mechanical dyssynchrony after stress and at rest in order to detect a particular subset of CAD, and achieved this by applying count-based temporal and spatial phase analyses(10,11)because LV regional disparities in contractility are known to occur during periods of demand ischemia, such as during exercise or the infusion of dobutamine (12, 13) . Although the use of a pharmacological agent such as adenosine or dipyridamole has become the predominant method for inducing stress during myocardial SPECT in the current aging population (14, 15) , to the best of our knowledge, the SyncTool TM has not yet been employed to assess the indices of vasodilator-induced LV mechanical dyssynchrony. Considering the diagnostic challenge of multivessel CAD due to balanced ischemia using myocardial , we retrospectively determined whether vasodilator-induced LV mechanical dyssynchrony as assessed by phase analysis had an incremental diagnostic value in the detection of multivessel CAD over conventional perfusion analysis. , which represented the SD of the phase distribution( Fig. 1 ) . Furthermore, changes in phase SD and histogram bandwidth with stress were calculated as follows: phase SD after stress minus phase SD at rest or histogram bandwidth after stress minus histogram bandwidth at rest(10) .
Methods

Study patients
Coronary angiography
Multidirectional coronary angiography was performed within 3 months of the scintigraphic study in all patients using Judkins method. The degree of coronary artery stenosis was visually rated according to the criteria of the American Heart Association( 27 ) .
Significant stenosis was considered to be present when ≥75% narrowing of the diameter was observed. Multivessel CAD was defined as 2-or 3-vessel CAD, or 1-vessel CAD involving significant stenosis in the left main trunk.
Statistical analysis
Results were expressed as the mean±SD. which is the ratio of the within-groups sum of squares to the total sum of squares, in order to assess the potential to correctly identify multivessel CAD, using independent variables in the multivariate analysis. Bayes rule with equal prior probability was used for identification, and results were presented as sensitivity, specificity, and accuracy. A p-value of ＜0.05 was considered to indicate a significant difference. Statistical computations were performed using SPSS 11.0(SPSS Inc., Chicago, IL) and MedCalc 11.4(MedCalc Software, Mariakerke, Belgium) .
Results
Clinical characteristics and conventional perfusion analysis
All patients underwent coronary angiography; 1-vessel CAD was identified in 64 patients, 2-vessel CAD in 31, 3-vessel CAD in 47, and insignificant lesions in the remaining 38. Among the conventional scintigraphic parameters examined, the medians for SSS, SRS and SDS were 9, 3 and 5, respectively. No significant differences were observed in the prevalence of coronary risk factors, symptoms, or medications before the SPECT study, except for a higher prevalence of male gender and diabetes mellitus in patients with multivessel CAD than in those without ( Table 1 ) . SSS (13.9±6.6 vs. 7.6±5.5; p＜0.0001) , SRS(5.6±4.9 vs.
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3.6±4.0; p＜0.01 ) , SDS( 8.3±4.2 vs. 4.0±3.2; p＜ 0.0001) , and the TID ratio(1.13±0.11 vs. 1.09±0.12; p＜0.05)were significantly greater in the 78 patients with multivessel CAD than in the 102 patients with 1-vessel CAD or an insignificant lesion (Table 2) .
LV functional analysis
LV end-diastolic volume at rest (85.8±33.8 vs. 71.6± 27.7 ml; p＜0.01 )and end-systolic volume at rest (30.6±23.0 vs. 21.7±18.1 ml; p＜0.01)were significantly larger, whereas ejection fraction at rest(67.5± 12.6 vs. 72.9±11.0%; p＜0.01)was significantly lower in patients with multivessel CAD than in patients with 1-vessel CAD or an insignificant lesion (Table 2) .
Phase analysis
In all of the 180 patients, the means of phase SD at rest The distribution of the post-ATP increase in phase SD and increase in histogram bandwidth in patients with an insignificant lesion, 1-vessel CAD, and multivessel CAD is shown in Figure 2 . The increase in phase SD after ATP loading(10.5°±8.4°vs. 4.8°±8.9°; p＜ 0.0001 )and increase in histogram bandwidth after ATP loading( 30.8°±26.1°vs. 13.2°±24.4°; p＜ 0.0001 )were significantly larger in patients with multivessel CAD than in patients with 1-vessel CAD or an insignificant lesion(Table 2, Fig. 2 ) .
Univariate analysis for the detection of multivessel CAD
We applied an ROC curve analysis to this group of patients in order to detect multivessel CAD with a myocardial perfusion analysis. The cut-off points for severe CAD were ＞9 for SSS, ＞2 for SRS, ＞5 for SDS, and ＞1.04 for the TID ratio (Fig. 3a) sensitivities, specificities, and accuracies in the detection of multivessel CAD were 74%, 71%, and 72% with SSS, 74%, 78%, and 76% with SDS, and 83%, 34%, and 56% with the TID ratio, respectively ( Table 3 ) . An ROC curve analysis demonstrated that changes in the indices of LV dyssynchrony indicated multivessel CAD if a ＞8.3°increase in phase SD and a ＞16°increase in histogram bandwidth were observed after exercise (Fig. 3b ) . The sensitivities, specificities, and accuracies in detecting multivessel CAD were 62%, 77%, and 70% with changes in phase SD, and 74%, 68%, and 71% with changes in histogram bandwidth, respectively ( Table   3 ) . Vol. 1(1) ：1-12 -6 - Fig. 3a Cut-off points for perfusion parameters and the TID ratio to detect multivessel CAD. Cut-off points for multivessel CAD were defined as a summed stress score of ＞9, summed rest score of ＞2, summed difference score of ＞5, and TID ratio of ＞1.04. The area under the curve(AUC)was 0.78 for the summed stress score, 0.63 for the summed rest score, 0.81 for the summed difference score, and 0.59 for the TID ratio. 
Multivariate analysis for the detection of multivessel CAD
To detect multivessel CAD, we performed a logistic regression analysis by entering 10 variables that were identified as significant by the univariate analysis (Table 4 ) . The most important variable in the identification of multivessel CAD was an SDS of ＞5, followed by an increase in histogram bandwidth of ＞16°after ATP loading and an increase in the phase SD of ＞8.3°after ATP loading (Table 4) . A linear discriminant analysis using SDS yielded a sensitivity of 74%, specificity of 78%, and an accuracy of 76%( global chi-square＝58.9 ) ( Figs. 4a, 4b ) . We repeated the discriminant analysis using SDS and mechanical dyssynchrony indices, which were identified as significant by the multivariate analysis. This analysis revealed that that the identifica-Tanaka et al. Phase analysis of gated SPECT for multivessel CAD Ann Nucl Cardiol 2015 Vol. 1(1) ：1-12 -7 - Fig. 3b Cut-off points for the increase in phase SD and increase in histogram bandwidth to detect multivessel CAD. Cut-off points for multivessel CAD were defined as an increase in phase SD ＞8.3°and increase in histogram bandwidth ＞ 16°. The AUC was 0.70 for the increase in phase SD and 0.72 for the histogram bandwidth. SD＝standard deviation, CAD＝coronary artery disease Table 2 0.040 2.6(1.1-6.4) ＜0.0001 6.1(3.1-11.7) Increase in histogram bandwidth ＞16°0 .042 2.6(1.0-6.4) tion of multivessel CAD was superior with the combination of a post-ATP increase in phase SD increase in histogram bandwidth, and SDS(sensitivity 82%, specificity 76%, global chi-square＝79.9 )than with SDS alone (Figs. 4a, 4b) . A typical case is shown in Figure 5 . amount of myocardial blood flowing during vasodilation in the presence or absence of coronary artery stenosis (33, 34) . However, the impact of pharmacological vasodilation on the indices of LV mechanical dyssynchrony may be less than that of exercise stress, since the indices of mechanical dyssynchrony in exercise stress were found to be the most important in a previous study (28) .
Discussion
Clinical implications
One of the major limitations of myocardial perfusion imaging is its spatial relativity in perfusion defect analysis(35) . A high-risk group, such as those with left main and 3-vessel CAD, may be overlooked if physicians only rely on perfusion analysis ( 2, 4, 36 ) . Lima et al.
reported that the addition of a count-based wall thickening fraction with gated SPECT to conventional perfusion analysis improved sensitivity in detecting 3-vessel CAD without any loss in specificity(2) . Phase analysis is also free of the limitations of relative perfusion defect analysis. The uniqueness of phase analysis is its temporal ability to focus on the timing of myocardial contraction in addition to its spatial distribution. Previous findings and the results of the present study underscore the diagnostic usefulness of phase analysis at rest and after stress in CAD patients with the application of exercise stress or pharmacological loading (28) .
Phase analysis is a count-based method that measures mechanical dyssynchrony using the linear relationship between variations in regional maximum counts and myocardial wall thickening during a cardiac cycle, which may be affected by the count of the tracer.
A previous study demonstrated that the reliable indices of phase analysis were observed by using gated SPECT data in common clinical settings, such as ＞10 counts per myocardial pixel(37) , although the image count may be different in each image(after stress or at rest) . In 38 patients with an insignificant lesion, the histogram bandwidth was significantly larger after ATP loading than at rest( 54.4±36.0 vs. 40.8±23.1; p＝0.01 ) , whereas this difference was less than the cut-off value of ＞16°for ATP-induced LV dyssynchrony. In contrast, no significant difference was observed in phase SD after ATP loading and at rest(17.9±11.2 vs. 14.0±7.7; p＝ 0.06) . Therefore, the count of the tracer had almost no effect on the indices of phase analysis if we used the current protocol developed by Chen, et al.(5) .
In the present study, 16 patients had normal myocardial perfusion images. Of these patients, 5 had abnormal values for LV dyssynchrony. Among the 5 patients, 4 had significant CAD, revealing 3-vessel disease in 1, 2-vessel disease with RCA and LCx lesions in 1, 1-vessel disease with an LAD lesion in 1, and 1-vessel disease with an LCx lesion in 1, whereas the remaining 1 had an insignificant lesion. Since four-fifths of patients with normal myocardial perfusion images and abnormal values for LV dyssynchrony had significant CAD, LV dyssynchrony was considered to be due to actual myocardial ischemia, and not to the false positive findings of the LV dyssynchrony analyses.
Study limitations
The present study was performed retrospectively, and, therefore, a prospective approach that applies stress myocardial SPECT with phase analysis and invasive coronary angiography to a large patient population is necessary.
The data of phase analysis were acquired at 8 frames per cardiac cycle in the present study. Higher temporal resolution may theoretically be obtained by acquisition at 16 frames per cardiac cycle. However, the current method was developed by Chen et al. in the recognition that the first-harmonic Fourier transformation enhanced phase analysis when applied to the data at 8 frames per cardiac cycle ( 38, 39 ) . Only the early systolic part of the cardiac cycle was used to determine the onset of mechanical contractions. Observations with a high degree of intra-observer and inter-observer reproducibility in the indices of LV mechanical dyssynchrony additionally demonstrated the feasibility of the method applied in the present study (26) . Our previous study also showed excellent intra-observer reproducibility for phase SD( r＝0.991, p＜0.0001 )and histogram bandwidth( r＝0.998, p＜0.0001 ) , as well as inter-observer reproducibility for phase SD(r＝0.997, p＜0.0001 )and histogram bandwidth( r＝0.998, p＜ 0.0001) (28) .
Conclusions
The present study demonstrated that the addition of count-based phase analysis to the evaluation of ATP-in- Vol. 1(1) ：1-12 -12 -
